We report an intrinsic form of the inverse spin Hall effect (ISHE) in ferromagnetic (FM) metal with Rashba spin orbit coupling (RSOC), which is driven by a normal charge current. Unlike the conventional form, the ISHE can be induced without the need for spin current injection from an external source. Our theoretical results show that Hall voltage is generated when the FM moment is perpendicular to the ferromagnetic layer. The polarity of the Hall voltage is reversed upon switching the FM moment to the opposite direction, thus promising a useful readback mechanism for memory or logic applications.
I. INTRODUCTION
Recent research showed that Rashba spin orbit coupling (RSOC) at the surfaces of metals can be enhanced by the presence of heavy atoms 1,2 and/or surface oxidation 3 in adjacent layers. This interfacial enhancement enables significant RSOC effect to be manifested in ferromagnetic metals with small or moderate atomic number at room temperature 4 , whereas previously, strong RSOC effect is confined only to semiconductor heterostructures. In this paper, we choose a typical ferromagnetic (FM) metal (Co) as the central conducting layer, sandwiched between an oxide and a Pt layer, the latter supplying the heavy atoms [see Fig. 1(a) ]. The electron accumulation which develops in the FM layer in the presence of a charge (unpolarized) current is theoretically evaluated via the non-equilibrium Green's function (NEGF) method in the ballistic limit. In the presence of s-d coupling, the incoming charge current becomes polarized by the FM moments in the central region. When this intrinsic polarization of current is coupled to the RSOC, an inverse spin Hall effect (ISHE) 5, 6 will be induced. Thus, a Hall voltage is generated without the need for spin injection from an external spin polarizing layer. By contrast, in previous works, the ISHE is experimentally realized by injecting spin polarized current 7, 8 from an external FM electrode, or by the inflow of pure spin current 6,9-13 , generated externally e.g. via spin pumping or non-local spin accumulation. In this work, we show theoretically that Hall voltage can be generated when the FM moment in the central region is oriented perpendicular to the plane, which persists at room temperature. Furthermore, the generated Hall voltage can be reversed symmetrically when the FM moment is switched to the a) Electronic mail: elembaj@nus.edu.sg opposite direction. Thus, the charge current-induced ISHE signal can be used to detect the polarity of the FM moment, and potentially serve as a read-back mechanism in memory applications.
II. MODEL HAMILTONIAN AND THEORY
The schematic diagram of the FM moment detector is shown in Fig. 1(a) ; the central region comprises of a triple-layer structure for the enhancement of RSOC within the FM (Co) layer 4 . Charge accumulation within the Co layer is calculated via tight-binding NEGF method 11 . To perform the tight-binding calculation, the central region of the device is discretized into (M × N ) lattice of points [see Fig. 1(b) ]. The conduction electrons within the Co layer experiences the RSOC ef-fect and the s-d exchange interaction with the local FM moments M(θ, φ). Thus, the Hamiltonian of the central region can be expressed as H C = H K +H M +H Rso , where H K is the kinetic term, H M the s-d coupling term, and H Rso the RSOC term. The Hamiltonian can be expressed as 14 :
where M denotes the s-d coupling strength, t so = α 2a denotes the RSOC strength. Similarly, the Hamiltonian of the normal metal (NM) leads, and the coupling energy between the leads and central region can be expressed as: 
Collectively, all these equations can be expressed in matrix form: 
in which the non-zero terms of the self energy are:
In the above, k i is the wave vector along the semi-infinite longitudinal direction, χ i (p n ) is theĩth eigenfunction in the transverse dimension at site (0, n) in the lead, which can be expressed as:
The retarded Green's function of the central region can then be solved by inverting Eq. (7). Thus one can express the lesser Green's function [G] < via the Langreth formula:
r µ )f µ , with f µ being the Fermi distribution function within lead µ. The total charge accumulation for a given cell at lattice coordinate (m, n) with an area of a 2 is given by:
where the trace is over the spin degree of freedom. The surface charge density ρ m,n is then given by ρ m,n =ρ m,n a 2 . The Hall voltage at longitudinal position x = m (V tm ) is given, up to a proportionality constant, by the difference in the surface charge density between the top and bottom edges corresponding to x = m, i.e. V tm ∝ ∆ρ m = ρ tm − ρ bm . In calculating the charge densities ρ tm and ρ bm , we consider a finite width of each edge. The values of ρ tm and ρ bm are averaged over some number of rows (W ) adjacent to the top and bottom edges, such that W a ≈ 0.3 nm. Thus, the surface charge density difference along x-direction is given by:
In practice, the Hall voltage V t is given by the potential difference between the two electrodes. We assume that each electrode runs along the entire length of the edges (i.e., from m = 1 to M ). Thus, computationally, the Hall voltage V t is given by the surface charge density difference averaged over the longitudinal dimension, i.e., 
III. RESULTS AND DISCUSSION
The following parameters are assumed in the numerical calculations: (i) The device is modeled at room temperature (T = 300 K); the Fermi energy of the central FM layer is set to 7.38 eV, which is a typical value for Co 15 .
(ii) The lattice cell dimension is set to a = 0.045 nm, which is significantly smaller than the Fermi wavelength (a ∼ λ/10), so that the lattice Green's function model can simulate a continuum system to a good approximation. (iii) The coupling strength is t = . Furthermore, the sign of ∆ρ m is reversed when the FM moments are switched to the −x direction. However, when averaged along the entire edge, the surface charge density difference will be ∆ρ av = 0 due to the point symmetry. However, if the Hall electrodes extend to only half the entire length of the top and bottom edges [as shown schematically in Fig. 2(e) ], a finite Hall voltage can still be detected.
Of greater interest is the case where the FM moments are along the out-of-plane z-direction. The charge density difference ∆ρ m is symmetric about the central vertical axis, i.e. m = (M + 1)/2. Thus, a finite ∆ρ av , i.e., a Hall voltage V t is generated [see Figs. 2(a) and (d) ]. Since only charge current but not spin current is injected into the system, the above can be regarded as a charge current-induced ISHE in FM metal with RSOC.
In the following, we will investigate this charge currentdriven ISHE in greater detail. The spatial distribution of ρ m,n is plotted over the central region when the FM moments are in the +z-direction [see Fig. 3 ]. For clarity, the detailed distribution of charge densities ρ tm and ρ bm are shown in Figs. 4(a) and (b) . It is observed that the surface charge density is larger along the top edge, which will result in a finite Hall voltage or ISHE effect. creasing trend with the RSOC strength t so , but in an oscillatory manner. The physics underlying this oscillatory increase can be understood in terms of the Yang-Millslike Lorentz force arising from the RSOC gauge 19, 20 . Here, the FM moments M merely play the role of sustaining a vertical spin polarization of current but do not contribute directly to the Lorentz force. The Lorentz force leads to the transverse separation of electrons of opposite spins [shown schematically in Fig. 5(b) ], which we term as "Hall deflection pair". Since there are unequal number of charges on the two transverse sides, each Hall deflection pair will contribute to a charge Hall voltage. For a fixed M , an increase in the RSOC strength results in an increasing number of Hall deflection pairs along the length of the device, as shown in Fig. 5(b) . The charge imbalance in a Hall deflection pair coupled with the increase in the number of such pairs with the RSOC strength provide a heuristic explanation of the oscillatory increase of ∆ρ av and the Hall voltage with the RSOC strength. The sign of ∆ρ av can be reversed by switching the orientation of FM moment between ±z. Furthermore, ∆ρ av is not sensitive to the definition of edge, i.e. the general trend remains unchanged for the range of edge width W considered in our calculation.
Previous work on RSOC in semiconductors has shown that when the surface charge density difference is in the order of 10 12 e/m 2 , the generated Hall voltage will be large enough for detection (0.1 mV) 12 . The electron density in our metallic FM RSOC device will be much higher than that in semiconductors, so that ∆ρ av could attain a value of the order of 10 16 e/m 2 and generate a sizable Hall voltage of V t ≈ 1V . By selecting optimal t so which corresponds to the peak Hall voltage values (see Fig. 5 ), we conjecture that a reasonably large ∆ρ av , hence V t can be measured when the FM moments are oriented along the out-of-plane z axis. The charge density difference ∆ρ av switches in sign upon reversal of the FM moments to the −z direction. The resulting large difference in the Hall voltage corresponding to the two FM orientations (±z) suggests that the ISHE can be utilized in a metal FM RSOC system for the sensitive detection of the FM moment orientation.
In summary,we have investigated the inverse spin Hall effect (ISHE) which is induced by the combination of RSOC and s-d coupling to the FM moments. A Hall voltage is generated when the FM moments are oriented in the perpendicular-to-plane direction. The Hall voltage increases in an oscillating manner with the RSOC strength t so . The polarity of the Hall voltage is reversed when the FM moment is switched to the opposite direction. This property suggests the utility of the ISHE in FM metals with strong RSOC effect for the detection of the FM moment direction, e.g., as a possible memory readback mechanism.
